Two methods are described for the detection of in vitro enzymatically amplified DNA. The first method involves solution hybridization of labeled oligonucleotides to amplified products. Hybridization of primers to a dilution series of a known concentration of amplified DNA showed that approximately 5 pg of DNA could be detected by this method. In the second method, radiolabeled deoxynucleotides were incorporated into the elongating DNA chain. Both methods were able to detect amplified products 10 cycles before detection by ethidium bromide staining. Some variations of these techniques are discussed.
Enzymatic DNA amplification, otherwise known as the polymerase chain reaction, is a sensitive method for the detection of DNA sequences present in low copy number (8) . Its application in the fields of molecular biology and medical diagnosis is potentially wide. A number of reports have appeared in the literature detailing the use of the polymerase chain reaction in, for example, nucleic acid sequencing (10) , production of biotinylated probes (6) , de- tection of single-base-change alleles in hereditary disorders (9) , and identification of DNA sequences of medical and legal importance (3, 4) . However, its most widespread application to date has been the detection of viruses, in particular human immunodeficiency virus and other retroviruses (1, 5) .
The polymerase chain reaction involves the use of two oligonucleotide primers, one complementary to the sense strand and the other complementary to the antisense strand. These primers flank a target sequence which is usually between 100 and 500 base pairs in size. In the presence of a DNA polymerase, primers, and an excess of deoxynucleotides, the target sequence is amplified by being cycled through three different temperatures. The DNA is denatured at 95°C, and the primers are annealed at 55 to 60°C. The primed strands are then elongated at 70°C, the optimum temperature for the heat-stable DNA polymerase (Taq polymerase). This results in an exponential accumulation of the target sequence. Confirmatory procedures can be performed on the amplified products, the most widely used being solid-phase hybridization to a third primer (7 Primers and primer concentrations for solution hybridization. The sensitivity of detection of amplified product by a mixture of three oligonucleotides was compared with detection by a single oligonucleotide. Six picomoles of either K7 or an equimolar solution of K4, K5, and K7 was end labeled and hybridized under optimum buffer conditions, and the efficiency of hybridization was compared by gel electrophoresis and autoradiography. The optimum amount of primers to be labeled was assessed by diluting primers K4, K5, and K7 in TE buffer (10 mM Tris hydrochloride [pH 7.4 ], 1 mM EDTA). After dilution, equimolar mixtures of primers were made and 20, 10, 2, 1, and 0.2 pmol of each primer was end labeled in a total volume of 20 pul. Ten-microliter samples of pHAT3B amplified product were added to 5 pul of the end-labeled primer dilutions and hybridized under optimum buffer concentrations.
Solution hybridization specificity. The identity of the amplified product was verified by hybridization with endlabeled K7 primer under optimum buffer conditions and primer concentrations. To test for nonspecific hybridization, amplified adenovirus DNA and rubella virus cDNA were reacted with a mixture of K4, K5, and K7 end-labeled primers under optimum buffer conditions and primer concentrations.
Solution hybridization sensitivity. Amplified pHAT3B DNA was electroeluted and concentrated as described previously (2) and quantitated by spectrophotometry. Eight fivefold dilutions were made in TE buffer with a starting concentration of 60 ng/,ul. Ten microliters of each dilution was hybridized under optimum conditions to a mixture of K4, K5, and K7 containing an optimal amount of each primer. The detection endpoint was estimated visually by both gel electrophoresis and autoradiography.
To assess the minimum number of cycles necessary to detect amplified product, H9 DNA was amplified in a volume of 150 pul, with an appropriate increase in all reagents except primers K4 and K5, which were decreased to 60 pmol each (a 60% decrease in concentration). Samples (17 ,ul) were removed after 3, 5, 10, 13, 16, 20, and 23 amplification cycles and were analyzed by gel electrophoresis and autoradiography. Sample analysis. In all the experiments described above, the samples were analyzed by agarose gel electrophoresis. The gels were dried on a vacuum drier and autoradiographed for 2 to 16 h, using multipurpose X-ray film (Amersham).
Repeatability. Experiments in which buffer concentrations and primer labeling were optimized and assessments were made of sensitivity were repeated.
RESULTS
Optimization of buffer conditions for solution hybridization. Figure 1 shows the effect of changing the concentration of the buffer in which hybridization took place. The maximum hybridization signal was obtained by using a buffer concentration equivalent to 0.75x amplification buffer. An increase or decrease in the buffer concentration resulted in a weaker hybridization signal. Although this method has been applied to amplified rubella virus DNA with similar results (not shown), it is recommended that buffer conditions be optimized for each detection system.
Primers and primer concentration. The efficiency of hybridization of the target sequence to a mixture of end-labeled primers (K4, K5, and K7) was compared with hybridization to only one end-labeled primer (K7). Although the total amount of oligonucleotide used was kept constant, there was a significantly weaker signal when only K7 was hybridized to the amplified product (Fig. 1) . Figure 1 shows the effect of labeling various amounts of a mixture of K4, K5, and K7 primers on the subsequent hybridization. No detectable hybridization was obtained when 20 pmol of each end-labeled primer was used, and a weak signal was obtained when 10 pmol of each was used. There was a significant increase in hybridization when 2 pmol of each primer was labeled and subsequently used for hybridization. The efficiency of hybridization decreased when 1 pmol of each primer was used, and no detectable hybridization was obtained when 0.2 pmol of each primer was used.
Optimum hybridization conditions were therefore 0.75x amplification buffer with 2 pmol of each primer. Hybridizations were performed in a final volume of 20 pul, and reaction mixtures were incubated at 42°C for 90 min. No difference was noted in the efficiency of hybridization, or in the clarity of the background on autoradiography, when a DNA precipitation step was included either before or after hybridization. Therefore, free nucleotides were not removed from the reaction mixture.
Specificity. The K7 primer hybridized to the amplified DNA, confirming the identity of the band (Fig. 1) . Primers K4, K5, and K7 did not hybridize to the amplified adenovirus or rubella virus nucleic acid, indicating that hybridization was specific under the conditions used.
Sensitivity. Under optimum hybridization conditions, less than 5 pg of amplified pHAT3B DNA was detectable after autoradiography. Twenty-four nanograms of amplified DNA could be detected by ethidium bromide staining (data not shown).
To increase the ratio of labeled to unlabeled oligonucleotides, the amount of primers added to a 150-pil amplification reaction volume was reduced from 100 to 60 pmol of each. Unless otherwise stated, DNA samples were hybridized for 90 min at 42°C in 0.75 x amplification buffer containing 2 pmol each of end-labeled oligonucleotides K4, K5, and K7. Lanes: 1, oligonucleotides mixed with amplified adenovirus DNA (negative control); 2, oligonucleotides mixed with amplified rubella virus cDNA (negative control); 3, oligonucleotides hybridized to amplified pHAT3B DNA in lx amplification buffer; 4, as for lane 3 except hybridized in 0.4x amplification buffer; 5, 10 pmol each of K4, K5, and K7 labeled and hybridized to amplified pHAT3B DNA; 6, as for lane 5 except 2 pmol each of K4, K5, and K7 was labeled; 7, 6 pmol of K7 hybridized to amplified pHAT3B DNA; 8, as for lane 5 except 1 pmol each of K4, K5, and K7 was labeled; 9, as for lane 5 except 0.2 pmol each of K4, K5, and K7 was labeled. bp, Base pairs.
after 23 amplification cycles. However, by solution hybridization, DNA was detected after 13 cycles (Fig. 2) . cycles, respectively. Autoradiography of this gel showed that amplified pHAT3B DNA was detectable after 3 cycles, and amplified H9 DNA was detectable after 13 cycles (Fig.  3) . The difference in the number of cycles is probably due to differences in the amount of target sequence per total DNA input.
To increase the ratio of labeled to unlabeled dCTP, the concentration of each deoxynucleotide in the amplification mixture was reduced from 250 to 50 ,uM. This decrease resulted in an increase in sensitivity of detection by autoradiography; although H9 amplified DNA could be detected only after 20 cycles by ethidium bromide staining, DNA was detectable after 10 cycles by autoradiography (data not shown).
DISCUSSION
The two methods of solution hybridization and incorporation of radiolabeled deoxynucleotides were found to have approximately equal sensitivities. Their sensitivities were greater than those of detection by gel electrophoresis and ethidium bromide staining when defined by the number of cycles after which DNA was first detected. However, hy- Autoradiograph of a 3% agarose gel to show detection of DNA amplified in the presence of radiolabeled dCTP and 250 ,uM each unlabeled deoxynucleotide. Odd-numbered lanes, samples from amplification mixture using pHAT3B DNA template; even-numbered lanes, samples from amplification mixture using H9 DNA template. Lanes 1 and 2, 3 cycles; lanes 3 and 4, 5 cycles; lanes 5 and 6, 7 cycles; lanes 7 and 8, 10 cycles; lanes 9 and 10, 13 cycles; lanes 11 and 12, 16 cycles; lanes 13 and 14, 20 cycles. bp, Base pairs. bridization has the advantage that the identity of a band is confirmed, whereas by in vitro labeling, radiolabeled deoxynucleotides would become incorporated into any elongating DNA chain.
By using solution hybridization, it was possible to detect less than 5 pg of amplified product. This is comparable to the sensitivity of dot blot hybridization, although the total mass of DNA does not relate to the number of target sequences present. Solution hybridization has a distinct advantage over dot blot hybridization in that a specific size fragment is identified. It was found that lengthy procedures such as buffer changes and removing free nucleotides were unnecessary for efficient hybridization. Therefore the experimental time was reduced, making solution hybridization less time-consuming and labor intensive than dot blot hybridization.
The increased sensitivity obtained by using a mixture of primers compared with a single primer is probably due to the increase in the number of sites at which hybridization occurs. Although no supporting data are presented, the reduced or absent hybridization signal when labeling larger amounts of primer presumably reflects inefficient labeling and, therefore, an excess of unlabeled competing oligonucleotides in the reaction mixture.
A number of modifications of solution hybridization are possible. First, more oligonucleotides, complementary to either strand, could be labeled and used in hybridization experiments. As an increase in the number of probes from one to three resulted in an increase in hybridization, an increase in the number of probes covering different regions of the target sequence may significantly increase the sensitivity. In addition, it should be possible to use different probes to differentiate between different viral strains. Second, labeled primers could be added at the start of an amplification experiment. The primers would be incorporated in the amplified DNA de novo, and a separate hybridization experiment would not be necessary, thus saving time.
With the problems inherent in the use of radioactive reagents, it would be preferable to adapt this technique to the use of enzyme-conjugated oligonucleotide probes. These probes have a longer shelf life and therefore have greater application diagnostically.
